For functional analysis, the presence of gene families and isoenzymes often makes it necessary to delete more than one gene, while the number of marker genes is limited in Schizosaccharomyces pombe. Here we describe a loxP-flanked ura4 þ cassette and Cre recombinase vector for a Cre-loxP-mediated marker removal procedure in S. pombe. This loxP-ura4-loxP cassette can be used for disruption of hmt1 þ as a model target gene. We have constructed two vectors which express Cre recombinase under the control of the nmt1 or nmt41 promoter. Excisive recombination at loxP sites in the chromosome was promoted efficiently and accurately when the Cre recombinase was expressed under the control of the nmt41 promoter. In addition, ura4 þ could be excised from the genome by Cre recombinase, when a single loxP site was adjacent to ura4. The use of the CreloxP system proved to be a practical strategy to excise a marker gene for repeated use in S. pombe.
For functional analysis, the presence of gene families and isoenzymes often makes it necessary to delete more than one gene, while the number of marker genes is limited in Schizosaccharomyces pombe. Here we describe a loxP-flanked ura4 þ cassette and Cre recombinase vector for a Cre-loxP-mediated marker removal procedure in S. pombe. This loxP-ura4-loxP cassette can be used for disruption of hmt1 þ as a model target gene. We have constructed two vectors which express Cre recombinase under the control of the nmt1 or nmt41 promoter. Excisive recombination at loxP sites in the chromosome was promoted efficiently and accurately when the Cre recombinase was expressed under the control of the nmt41 promoter. In addition, ura4 þ could be excised from the genome by Cre recombinase, when a single loxP site was adjacent to ura4. The use of the CreloxP system proved to be a practical strategy to excise a marker gene for repeated use in S. pombe.
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The fission yeast Schizosaccharomyces pombe is becoming increasingly popular as a genetically amenable model system for the study of diverse cellular processes including signal transduction pathways, cellcycle control, genome organization, recombination and vesicular trafficking. The availability of the S. pombe genome sequence (http://www.ncbi.nlm.nih.gov/ PMGifs/Genomes/micr.hmtl) 1) and the development of efficient mutagenesis methods 2, 3) and transformation procedures for S. pombe 4, 5) have allowed the identification of mutagenized genes.
A system for gene deletion/disruption using the S. pombe ura4 þ gene has been described. 6) Saccharomyces cerevisiae LEU2 and S. pombe ura4 þ are regularly used for gene disruption, because it is beneficial to score for their presence via autotrophy. In addition, several other marker genes, such as INO1, arg3 þ , KanMX, and the blasticidin S deaminase gene, were also described. [7] [8] [9] [10] Clearly, the use of ura4 þ for one purpose prevents its use for another in the same strain. Subsequently, it is easy to envisage instances where selection loci become exhausted. As the number of marker genes is limited, efficient procedures for marker rescue will be very important for functional analysis. To obtain a ura4 auxotrophic mutant, 5-fluoroorotic acid (5-FOA) is known as a useful reagent for selection of ura À cells. The selection is effective in transformation and recombination studies where loss of ura4 þ is desired. 6) Following selection with 5-FOA, many of the resulting ura À colonies might have spontaneously occurring point mutations in ura4 or ura5.
6) For repeated use of the ura4 þ cassette, it is often necessary to remove the marker gene.
For marker rescue, the Cre-loxP recombination system of bacteriophage P1 has been shown to mediate efficient recombination between loxP sites flanking a marker gene in S. cerevisiae, resulting in excision of the marker gene. 11) As the system works in the nonconventional yeasts Hansenula polymorpha and Klyveromyces lactis, 12, 13) we wished to know whether it also works in S. pombe. Here we report the construction of a marker system for S. pombe based on the ura4 þ gene and use of Cre recombinase-mediated loxP site-specific recombination for marker recycling.
Materials and Methods
Strains and Media. E. coli strain XL1-blue (Stratagene) was used for all cloning procedures. S. pombe strain ARC039 (h À leu1 ura4-C190T) was obtained from Dr. Y. Giga-Hama (Asahi Grass Co., Japan). Standard rich medium (YES) and synthetic minimal medium (MM) for S. pombe cells were used as described. 14) S. pombe cells were transformed by the electroporation method. 5) For selection of ura À cells, 0.1% (w/ v) 5-FOA was added to SC medium.
Plasmid constructions. The Cre recombinase expression vector was constructed as follows: the gene encoding the P1 bacteriophage Cre recombinase 15) was 16) The loxP cassette vector pBS loxP-ura4-loxP was constructed in sequential steps (Fig. 1A) . First, two halves of a polylinker, containing loxP sites and the restriction sites for the insertion of the other fragments of the final construct, were annealed with complimentary oligonucleotides, digested with restriction enzymes, and sequentially inserted into pBluescript II KS (Stratagene), the first between the EcoRI and EcoRV sites (5 0 -GTTTGATATCATAACTTCGTATAGCATA-CATTATACGAAGTTATGAATTCTTTG-3 0 ) and the second between the HindIII and EcoRV sites (5 0 -GTTTAAGCTTATAACTTCGTATAGCATACATTAT-ACGAAGTTATGATATCTTTG-3 0 ). Next, the 1.6 kb ura4 þ cassette was blunted and inserted at the EcoRV site present in the polylinker. Another loxP vector pBS loxP-ura4, which contains a single copy of the loxP site, was constructed as follows: the oligonucleotides carrying the loxP sequence and restriction sites, HindIII and EcoRV, were annealed, digested with restriction enzymes and inserted into pBluescript II KS (Stratagene). The resulting plasmid was digested with EcoRV and the ura4 þ cassette was inserted. The final construct was sequenced to confirm that no mutations had been introduced.
Gene disruptions.
To amplify the DNA fragment of hmt1 from chromosomal DNA of S. pombe, the following oligonucleotides were synthesized: sense, 5 0 -TGTG-TTAGATGCTTCAAATTGCCCGTCC-3 0 and antisense, 5
0 -GTTTGACTCTTCTGTTAATTGACGCTCC-TC-3 0 , these primers were also used for verification of the correct integration into yeast genome. A fragment of 1.7 kb was recovered, and ligated into pGEM-T EASY vector (Promega). EcoRV and HindIII sites within the cloned hmt1 þ gene were digested and a HindIII/SmaIcleaved 1.6 kb loxP-ura4-loxP cassette (or loxP-ura4 cassette) was inserted. A DNA fragment carrying this disrupted hmt1 was amplified (sense, 5 0 -TCGTTAGA-TAGTAAAAAAGTTCGGCTAGGG-3 0 and antisense primer was described above), used for transformation of a wild-type haploid strain ARC039, and ura þ transformants were selected on MM-ura plates. To confirm that the hmt1 þ gene had been disrupted, ura þ transformants were analyzed by PCR.
The SPAC3H1.10 gene was amplified from chromosomal DNA (primers; sense, 5 0 -GGTAAATTGTAG-AAATATCCAGCCCGGAC-3 0 and antisense, 5 0 -GCT-GCAGTATATGCTTGGAAACGTTTCGCC-3 0 ). The HindIII and SmaI sites within the SPAC3H1.10 ORF was cleaved and the HindIII/SmaI-digested loxP-ura4-loxP cassette was inserted. An amplified DNA fragment carrying disrupted SPAC3H1.10 gene was used to transform the hmt1::loxP cells, and the disruption was analyzed by PCR (primers; sense,5 0 -GACCCAAAG- Fig. 1 . Construction of the Cre-loxP System for S. pombe. (A) Plasmids created. Two loxP sequences were sequentially cloned into the multicloning site of pBluescript II KS. After digestion with EcoRV, the ura4 þ cassette was inserted to create two methylated ClaI sites. (B) Overexpression of Cre recombinase inhibits cell growth of S. pombe. The pRep1 plasmids carrying the Cre recombinase gene under the transcriptional control of the inducible nmt1 promoter or attenuated nmt41 promoter, were introduced into the S. pombe wild-type strain ARC039. Independent transformants were streaked on MM-leu with or without 5 g/ml thiamine and incubated at 30 C for 3 days.
TATCTGTGCTGGGTAGAACCC-3 0 and antisense, 5 0 -GAAATCACCAGACTTTGAACTGTTGGAGCG-3 0 ).
DNA sequencing analysis. To verify the genomic sequence of the hmt1::loxP allele, two oligonucleotides were synthesized: sense, 5 0 -CATTGCCAGTCAACAT-CAAGTTCAGCCGCC-3 0 , and antisense: 5 0 -AACAGA-CAACAGTGGTTTTACAGGGCCACC-3 0 . After the cloning of PCR products into pGEM T EASY, nucleotide sequences were identified with a BigDye Terminator kit ver. 3.1 and an autosequencer ABI PRISM 310 (both from PE Applied Biosystems).
Results and Discussion
Construction of the Cre-loxP system in S. pombe For efficient excision of the marker gene in S. pombe, we designed a simple Cre-loxP system. The Cre recombinase carry out loxP site-specific recombination between DNA substrates in a step-wise manner, exchanging one pair of DNA strands to form a Holliday junction intermediate and then resolving the Holliday intermediate to products by exchange of the second pair of strands. 17) When two loxP sites are present in the chromosome in the same orientation, the Cre recombinase will specifically undergo intramolecular recombination between the loxP sites to give a circular product. 17, 18) The circular product contains the DNA between the loxP sites and one loxP site, formed from two halves of the original sites, will remain behind in the chromosome. 17, 18) In order to construct a loxP-marker gene-loxP cassette, two polylinkers containing the loxP site and the restriction sites were separately and sequentially introduced into pBluescript II KS (Fig. 1A) . After the construction of the polylinker, the ura4 þ cassette was inserted into the EcoRV site between the loxP sites.
To test the influence of Cre-expression levels in S. pombe, the Cre expression vectors, pRep1 Cre and pRep41 Cre, were constructed, where the Cre recombinase gene is under the transcriptional control of a fullstrength nmt1 or attenuated moderate-strength nmt41 promoter. Recently, Werler et al. reported a Cre-loxP method for chromosomal N-terminal tagging of S. pombe genes. 19) According to their report, it was enough to express an efficient amount of Cre recombinase even when the colonies contained pRep82-cre plasmid, where the recombinase gene is under the control of the attenuated low-strength nmt81 promoter. We have shown that overexpression of Cre recombinase inhibited cell growth even in the wild-type strain when thiamine at 5 g/ml was added to the medium (Fig. 1B) , where the nmt1 promoter was ''on'' or even in the apparent ''off'' state. The excessive amount of Cre recombinase in the nucleus may be toxic to S. pombe cells. Therefore, we decided to employ pRep41 Cre for subsequent experiments.
Disruption of the hmt1
þ gene using the loxP-ura4-loxP cassette
As a model for marker recycling by the Cre-loxP system in S. pombe, we performed gene disruption of the hmt1 þ locus using the loxP-ura4-loxP cassette ( Fig.  2A) . The hmt1 þ gene encodes an ABC-type transporter required for cadmium tolerance. 20) To confirm the correct integration of the loxP-ura4-loxP cassette into the hmt1 locus, 36 transformants were subjected to colony PCR using the primers for amplification of hmt1. The frequency of a correctly integrated cassette at the hmt1 locus was 8/36 (22.2%).
To test the functionality of the Cre-loxP system in S. pombe, the pRep41-Cre expression vector was introduced into the hmt1::loxP-ura4-loxP strains. Following the transformation, the cells were plated on MMleu. The leu þ transformants were replica plated on MMleu. After replica plating, hmt1 loci were analyzed directly by colony PCR to verify the correct excision of the ura4 þ gene cassette. Of 35 transformants checked, 33 colonies showed 1.0-kb PCR products corresponding to the hmt1::loxP allele (Fig. 2B ). In conclusion, Cre recombinase seems to work very efficiently in S. pombe, even when the Cre recombinase gene is expressed using the pREP41 promoter.
Following excision of the ura4 cassette, the resulting strains will contain a single loxP sequence. To verify the genomic sequence of the hmt1::loxP allele, a DNA fragment of the hmt1::loxP allele was amplified by PCR and sequenced. As expected, the DNA fragment amplified from ura4-excised cells had a single loxP site (Fig.  2C) . These results indicate that the Cre recombinase works correctly.
To test the phenotype of the disruptants, wild-type, hmt1::ura4, hmt1::loxP-ura4-loxP and hmt1::loxP cells were streaked onto YES plates containing 0.1 mM CdCl 2 and incubated at 30 C for 4 days. The S. pombe hmt1 mutant shows cadmium sensitivity. 17) While wild-type cells grew, all three hmt1-disruption mutants exhibited strong sensitivity to CdCl 2 (Fig. 2D) . It was revealed that there is no difference in Cd sensitivity among these three mutants. Uracil auxotrophy of these strains was also confirmed. The ura4 þ -containing cells, hmt1::ura4 and hmt1::loxP-ura4-loxP, could grow on MM-ura plates but wild-type and hmt1::loxP cells could not. This result shows that the ura4 þ fragment excised by Cre recombinase is not maintained as a plasmid.
A second gene can be disrupted in a loxP-carrying fission yeast cells
The central question was whether it would be possible to create a second gene disruption in the strain hmt1::loxP using the loxP-ura4-loxP cassette, then remove the ura4 again by induction of the Cre recombinase. To test this, strain hmt1::loxP was transformed for the second time with a loxP-ura4-loxP cassette to disrupt the SPAC3H1.10 gene. The SPAC3H1.10 gene encodes a phytochelatin synthase, and a mutant with deletion of this gene was viable but cadmium-sensitive and phytochelatin-deficient. 21, 22) When SPAC3H1.10 loci were tested by PCR, 16 of 24 ura þ transformants were found to be correctly integrated into the genome. The SPAC3H1.10-disrupted mutants were transformed with Cre expression plasmid pRep41 Cre to induce recombination and subsequent loss of the ura4 þ marker to generate SPAC3H1.10::loxP. The leu þ transformants were replica-plated on MM-leu, and SPAC3H1.10 loci were analyzed by PCR. Of 24 transformants checked, 23 colonies showed 1.3 kb PCR products indicative of the expected SPAC3H1.10::loxP allele (Fig. 2B) , indicating that repeated use of the loxPura4-loxP marker cassette was successful and that no recombination occurred between this loxP site and the other site at hmt1.
These results show that Cre-induced recombination events involved only the two loxP sites flanking the ura4. One loxP site is located on chromosome III (hmt1) and the second integration site is on chromosome I (SPAC3H1.10). These loxP sites may be too far away to be relevant for the Cre-induced recombination process. In mouse embryonic stem cells, the frequency of a Cremediated translocation between two loxP sites located on non-homologous chromosomes was found to be 1 in $1200-2400 cells expressing Cre recombinase. 23) Further studies are required to find whether location of the loxP-ura4-loxP cassette and the loxP site(s) on the same chromosome or different chromosome is relevant for the recombination process, and how close the loxP-flanked ura4 þ cassette can be placed to a loxP site without affecting the desired recombination process. A Single loxP site can induce excision of ura4 þ by Cre recombinase
Until now, the recombination between loxP and other lox sites or loxP-related sequences was detected with low frequency in E. coli 24) and budding yeast. 25, 26) No information is available concerning the loxP-like sequences in the fission yeast genome. Cre-mediated recombination may result in inactivation of ura4 þ , when ura4 þ is introduced into the fission yeast genome with a single loxP site.
We disrupted the gene hmt1 with a loxP-ura4 cassette carrying one loxP site (Fig. 2A) . The Cre expression vector pRep41 Cre was used to transform the hmt1::loxP-ura4 strain, then these leu þ transformants were streaked on SC-leu plates containing 5-FOA. The resulting 5-FOA-tolerant colonies (18 of 24 tested) showed 1.2 kb PCR fragments (data not shown). The hmt1 allele of these clones (hmt1::loxP-ura4Á) had $130 bp of the ura4 promoter and about a half of loxP (Fig. 3) . Removal of the ura4 þ cassette was not detected before selection with 5-FOA. Therefore, the low homology between the upstream of ura4 þ and loxP (Fig. 3) would contribute to the poor recombination with loxP. These results indicate that Cre-mediated removal of the ura4 marker is functional even when the ura4 marker cassette carries only one adjacent loxP site.
In summary, a marker gene cassette flanked by loxP sites can be excised by transforming the cells with a plasmid expressing the bacterial Cre recombinase. This is the first report of marker recycling by the Cre-loxP system in S. pombe. Following excision of the marker gene that resides between two loxP sites, the resulting strain reverts to the ura À phenotype and contains one loxP site. The loxP-ura4-loxP cassette in conjunction with Cre recombinase will significantly facilitate multiple gene disruptions. It is particularly useful in fission yeast strains carrying incomplete deletions of normally used homologous marker genes, as well as in yeast strains with limited numbers of auxotrophic markers. The loxP sequences are shown in upper case letters. The nucleotides showing identity with loxP are indicated by asterisks. Underlined sequences are positions which derived from the loxP-ura4 marker cassette vector. Boxed sequences are a part of the ura4 promoter.
